RAUMATIC brain injury often occurs as part of a multisystem trauma with systemic hemorrhage and resulting hypotension. 30 Hypotension has been shown to significantly increase mortality rates in head-injured patients. 3, 9, 12 Postmortem and experimental studies have demonstrated that cerebral ischemia that can result from sustained hypotension plays a significant role in the pathogenesis of brain injury after trauma. 1, 2, 15, 17 Thus, prompt correction of hypotension remains an important therapeutic goal in brain-injured patients with hemorrhagic shock.
molecules with a carbon background substituted with fluorine or other halogens. 42 Perfluorocarbons dissolve oxygen in proportion to the arterial oxygen tension. Therefore, their use requires a high FiO 2 concentration and may be of limited use in the setting of respiratory dysfunction. A further disadvantage of these agents is that they are cleared rapidly from the circulation by the reticuloendothelial system and have a half-life of 2-4 hours.
The HBOC solutions are structurally identical to hemoglobin and rely on the properties of hemoglobin to bind and release oxygen. 39 They may be derived from human, bovine, or recombinant sources. 41 These solutions can be stored without refrigeration, making them available for administration in the prehospital setting. Hemoglobin-based oxygen-carrying solution-201 (Biopure) is a bovine-derived HBOC solution that is stable for up to 2 years at room temperature and has properties similar to human plasma (osmolarity 290-310 mOsm/kg) with oxygen-hemoglobin dissociation characteristics that favor oxygen delivery in the tissue. 23 Previous studies by our group using a swine model have demonstrated HBOC-201 solution to be more effective than LR solution or hypertonic saline dextran in restoring and sustaining MAP after hemorrhage. 25 Although these results have been encouraging, the vasoconstrictive properties of these HBOC solutions 4, 11, 14, 40 may lead to pulmonary and systemic hypertension. In addition, concerns have been raised regarding the potential direct neurotoxic effect of these hemoglobin-based solutions used for resuscitation in brain-injured patients with an altered blood-brain barrier. 5, 21, 36 Because HBOC solutions both hold promise and raise concerns for resuscitation of the head-injured patient, we sought to study the effects of HBOC-201 solution in a translational and clinically relevant large-animal model, where both systemic and brain physiological parameters could be monitored. We used our previously described swine model of CCI that mimics the pathological features of human focal brain injury, 28 in combination with a welldescribed model of controlled hemorrhage 25 to compare the effects of resuscitation using HBOC-201 solution versus LR solution in a prospective randomized study. We hypothesized that a small-volume transfusion of HBOC-201 would be more effective than LR solution in restoring both systemic and cerebral physiological parameters after the combination of hemorrhage and head injury. Additionally, we sought to describe the resulting brain injury (as seen on MR imaging) and histological changes in the swine brains associated with resuscitation using HBOC-201 versus LR solution.
Materials and Methods
The study was performed using 20 male Yorkshire swine weighing from 38 to 42 kg (mean 40 Ϯ 2.5 kg). The experimental protocol was approved by the Committee on Animal Research at the University of California at San Francisco. Investigators and laboratory personnel were blinded to the type of resuscitation fluids used during the experiments and until after the completion of the data analysis.
Preparation of the Swine
Swine were prepared as previously described. 28 Physiological data were collected continuously throughout the experiment using a computerized data acquisition system designed by Aristein Bioinformatics LLC.
Following instrumentation and stabilization, the head of the swine was placed in a modified large-animal stereotactic frame (David Kopf Instruments) to prevent movement at the time of impact. As previously described, 28 a 15-mm bur hole was made on the right side of the skull, centered 14 mm anterior to the coronal suture and 10 mm lateral to the midline over the frontal lobe to expose the dura mater for impact (Fig. 1) . The bone was carefully removed so that the dura and underlying brain tissue would not be disturbed. A fiberoptic ICP monitor (Integra Lifesciences) was inserted through a 2-mm bur hole on the contralateral side 5 mm caudally to the coronal suture for continuous monitoring of ICP.
Placement of Brain Tissue Monitors
Licox PbtO 2 and temperature probes (Integra Lifesciences) were used to measure PbtO 2 . Before placement, all probes were calibrated to ensure proper functioning. Three brain tissue oxygen probes were placed into the white matter tracts, 1 prior to impact and 2 following impact. The first probe (distal O 2 probe, Fig. 1 ) was inserted using a stereotactic device (David Kopf Instruments) to a depth of 12 mm ipsilaterally through a small bur hole, 3.5 mm posterior to the caudal edge of the planned impact site, and 7 mm lateral to the midline. Insertion depth was based on previous experiments on multiple swine that revealed that a depth of 12-15 mm results in placement of the probe in the deep white matter tracts. Three Licox brain temperature probes were inserted in a small bur hole on the contralateral side, anterior to the coronal suture as shown in Fig. 1 .
Because it is not technically possible to perform CCI with the brain tissue oxygen probes in place, the 2 other probes were placed immediately after impact injury (described later). These probes were inserted to the same depth as the first probe using the stereotactic device described previously. The contusion O 2 probe was inserted through the center of the bur hole used for the impact injury (Fig. 1) . The proximal O 2 probe was placed at the posterior margin of the impact injury bur hole. All bur holes were then sealed with dental impression material (CutterSil, Heraeus Kulzer GmbH & Co. KG) to reduce leakage of CSF and to secure the brain tissue probes in place.
Experimental Protocol
This prospective, randomized, blinded laboratory investigation compared the effects of 2 different resuscitation solutions on systemic and cerebral hemodynamics in a prehospital model of combined hemorrhage and head injury (Fig. 2 ). In this model, a head injury was created with a controlled CCI device using an 11-mm depth of depression, 3.5 m/second velocity, and 400 msec dwell time as previously described. 28 Partial pressure of arterial oxygen was maintained at 100 Ϯ 15 mm Hg from baseline until the end of hemorrhage. Partial pressure of arterial CO 2 was maintained at 40 Ϯ 5 mm Hg throughout the experiment. Arterial blood gas samples, hemoglobin and hematocrit levels, and electrolytes were obtained at the time points shown in Fig. 2 and hourly during the 6-hour observation period.
Hemorrhage and Resuscitation
After impact injury, all maintenance intravenous fluids, except fentanyl, were discontinued and the swine was allowed to hemorrhage over 20 minutes until the MAP dropped to 40 mm Hg. The MAP was maintained at 40 mm Hg for an additional 20 minutes by intermittent removal of blood as needed.
As in our previously published studies of hemorrhage and resuscitation in a swine model, 25 the FiO 2 concentration was increased to 1.0 at the end of the 40-minute hemorrhage period. During this time, the swine was randomized to 1 of 2 resuscitation solution groups, 6 ml/kg of HBOC-201 solution or 12 ml/kg of an LR solution. The resuscitation solution was infused through the right femoral vein over 10 minutes. Resuscitation fluids and tubing for intravenous fluids were covered with a cloth hood during the resuscitation phase of the experiment to blind the investigators to the nature of the resuscitation fluids used. Once the resuscitation solution was completely infused, maintenance fluids were resumed (LR solution 10-12 ml/kg/hr).
Observation Periods
Swine were observed for an average of 6.5 Ϯ 0.5 hours following resuscitation. The slight variation in length of observation between swine resulted from arrangements necessary to transport the animals to the MR imaging suite. During the observation period, interventions were limited to administration of fluid boluses (500 ml of normal saline) to maintain a CPP Ͼ 60 mm Hg. Boluses were administered as needed until the total additional fluid equaled 3 times the amount of blood removed during hemorrhage. The FiO 2 concentration was maintained at 1.0 during the first 2 hours following resuscitation and then reduced to maintain an arterial blood gas of 100 Ϯ 15 mm Hg.
Brain Imaging
At the end of the observation period, all monitors were removed to reduce artifacts on the MR images and swine were manually ventilated during transport to the MR imaging suite. While in the MR imaging suite, swine were connected to an anesthesia ventilator and received maintenance intravenous fluids and analgesics. A Philips Intera I/T 1.5-T whole-body MR imager was used for this study (Philips Medical Systems). Oxygen saturation and heart rate were continuously monitored using an MR-compatible pulse oximeter (In Vivo Research, Inc.).
Two of the investigators (N.D. and G.R.), who were blinded to the resuscitation fluids used, independently performed digital imaging and communications in medicine (DICOM) image analysis using National Institutes of Health Imaging Software (Image J). All T2-weighted MR images were screened and the ROI was identified as a bright, hyperintense region ipsilateral to the impact injury. The ROI border was manually traced in all slices containing injury. Total injury volume was calculated as the sum of all injury ROIs.
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Diagram showing the timeline of the experimental protocol, which combined brain impact injury and hemorrhage in a design to simulate the head-injured patient with hemorrhage treated in an urban prehospital and emergency department setting. Baseline PaO 2 was maintained at 100 mm Hg. A brain impact injury was created at time 0 with a CCI device. Ten minutes after impact injury a controlled hemorrhage to a MAP of 40 mm Hg was initiated and maintained for a 40-minute period. At the end of this 40-minute period, the FiO 2 concentration was increased to 1.0 to simulate the administration of high-flow oxygen in the field. Swine were randomized to receive small-volume resuscitation with 6 ml/kg of HBOC-201 solution (HBOC) or 12 ml/kg of LR solution, administered over 10 minutes. The FiO 2 was maintained at 1.0 for 2 hours, after which it was adjusted to maintain a PaO 2 of 100 Ϯ 15 mm Hg. Swine were observed for an average of 6.5 Ϯ 0.5 hours following resuscitation. The expected trends in MAP at baseline, hemorrhage, resuscitation, and observation are depicted along the y axis.
FIG. 1. Schematic representation of the swine skull depicting the injury impact site and the locations of the ICP and brain tissue oxygen monitors. The contusion brain tissue oxygen probe was placed directly in the center on the injury site, the proximal probe at the posterior edge of the injury bur hole in the presumed penumbra, and the distal probe in the brain area uninjured by impact.
All T2-weighted MR sequences were loaded on to a Stealth Station neuronavigation system (Medtronic Sofamor Danek) to provide 3D reconstruction of the images to confirm the location of the brain tissue oxygen probes in relation to the impact injury. The location of the oxygen probes was visible as tracts of linear hypointensities, either within the site of impact injury (contusion and proximal probes) or beneath the bur hole posterior to impact injury (distal probe). The location of each probe tract relative to the injured brain (a hyperintense T2-weighted signal) was recorded.
Histology Procedures
Upon completion of the MR imaging, the swine received a lethal dose of pentobarbital to induce death, and their brains were immediately removed and photographed. A 1-cm slice centered over the point of impact was sectioned and fresh-frozen. The remainder of the brain was fixed in a 10% formalin solution. A 5-mm thick coronal slice posterior to the injury site was cut from each brain and these slices were sectioned on a freezing sliding microtome at a thickness of 25 microns. Slices were stained for Fluoro-Jade B as previously described. 28 Fluoro-Jade B is a well-described marker of neuronal degeneration that has an affinity for the entire degenerating neuron including cell body, dendrites, axon, and axon terminals. 38 Previous studies by our group in a swine model of CCI have demonstrated that degenerating neurons in the swine brain stain positive with FluoroJade B when animals are killed 10 hours following impact injury. 28 To study secondary brain injury following CCI and hemorrhage, pericontusional tissue was chosen rather than tissue from within the contusion itself because these studies have demonstrated severely disrupted cytoarchitecture within the contusion in the swine following CCI. 28 The slices were imaged using a Nikon E-1000 microscope with a 460-500 nm excitation and fluorescein isothiocyanate filter. The number of cells that stained positively for Fluoro-Jade B in 9 random fields was counted in both the injured and contralateral cortex. The examiner was blinded to the resuscitation solution used.
Data Analysis
All physiological variables were recorded at 1-minute intervals throughout the experiment unless otherwise noted. Continuously measured variables included ICP, CPP, PbtO 2 , end tidal CO 2 , FiO 2 , MAP, heart rate, and PADP. The analyses of continuous data were conducted by members of the Biostatistics Unit at the University of California, San Francisco. All values are depicted as the mean Ϯ standard deviation unless otherwise specified. Differences between groups were evaluated using the Mann-Whitney U-test, because it is valid for both normally and nonnormally distributed data.
Results
All 20 swine survived hemorrhage, resuscitation, and 6 hours of observation. Ten swine were resuscitated with HBOC-201 solution and 10 with LR solution. There were no significant differences in physiological variables between the HBOC-and LR-treated groups prior to randomization (baseline, impact, and hemorrhage phases; Tables  1-3) .
Systemic Physiology
Hemodynamic Variables. Following fluid resuscitation with a single small-volume bolus, MAP was significantly higher in the HBOC group (Fig. 3 ). Over the 6-hour observation period, MAP increased in both groups; however, the HBOC solution was able to maintain MAP at a significantly higher level through the completion of the experiment. Given the significant role of hypotension in secondary brain injury, we also examined whether either solution was able to sustain MAP above a minimum threshold of 70 mm Hg, using continuous 1-minute data. The HBOC swine group spent only 14 Ϯ 10% of the observation period below 70 mm Hg. In contrast, the MAP in the LR swine was Յ 70 mm Hg for 72 Ϯ 27% of the observation period (p = 0.0002). All head-injured swine were profoundly tachycardic after hemorrhage and there was no difference between groups following fluid resuscitation. Despite frequent fluid boluses, heart rates never returned to baseline levels during the observation period. During the first 4 hours following resuscitation, the LR group had significantly higher cardiac output than the HBOC swine, which returned to baseline levels ( Table 1) . By the end of the experiment 50% of the LR swine group, as opposed to only 10% of the HBOC swine group, had cardiac output Ͼ 7 l/minute. Although PADP was never significantly different between the 2 groups, PADPs in the HBOC swine group were more variable and increased by 56% over baseline levels during the first 4 hours of observation. In contrast, PADP in the LR group decreased 11% during the same pe- Table 2 . Consistent with acute hemorrhage, hemoglobin decreased from baseline in all swine following hemorrhage. During the observation period, the mean hemoglobin values were slightly higher in the HBOC group. Despite frequent normal saline boluses, sodium values remained stable and within normal limits from baseline through the end of the experiment in both groups (137-145 mEq/l). A minimum of 15 arterial blood gases was analyzed for each animal. At the end of hemorrhage, swine in both groups had mild-to-moderate base deficits that increased immediately following resuscitation to Ϫ3.3 Ϯ 1.7 in the HBOC group and to Ϫ6.9 Ϯ 4.9 in the LR group. Within 2 hours after resuscitation, the base deficit resolved in 80% of HBOC swine as opposed to only 20% of LR swine. By the end of the observation period, 8 of 10 swine in the LR group continued to have moderate to severe base deficits (Ϫ3.7 to Ϫ11.8), whereas none in the HBOC group did.
Cerebral Physiology
There were significant differences between resuscitation solutions in both CPP and PbtO 2 . In parallel with MAP, CPP decreased to Ͻ 50% of baseline values in all animals during hemorrhage and prior to randomization with no significant difference between the 2 groups (Table 3) . Following fluid resuscitation, however, there was an immediate increase in CPP among HBOC swine but not in LR swine. At the end of the 6-hour observation period, CPP in the HBOC swine continued to be significantly higher than in the LR swine. The LR swine group required nearly twice as much normal saline as the HBOC swine group to maintain a CPP Ͼ 60 mm Hg. Despite receiving larger volumes of normal saline,
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Use of HBOC-201 in a swine model of TBI and hemorrhage LR swine also spent a significantly greater amount of time with low CPP (80 Ϯ 23% of the observation period) when compared with HBOC swine (5 Ϯ 5% of the observation period; p = 0.0002). The HBOC swine group tended to have lower ICP than the LR group; however, ICP values were rarely elevated above levels considered abnormal for humans (Ͼ 15 mm Hg; see Discussion). In previous work in our swine model of brain impact injury, CCI to a depth of 11 mm seldom resulted in an ICP Ͼ 10 mm Hg. 28 In this study, we found that swine resuscitated with LR solution spent a significantly greater percentage of time (63 Ϯ 31% of the observation period) with an ICP Ͼ 10 mm Hg than HBOC swine (20 Ϯ 21% of the observation period; p = 0.006).
579
Directly measured PbtO 2 decreased rapidly in all animals immediately following hemorrhage to a range of 1.7-10.5 mm Hg, well below the critical threshold of 15 mm Hg associated with poor outcome in patients with TBI (Table  3) . 44 As we have previously described, PbtO 2 increased to supernormal levels following oxygen and fluid resuscitation. 26 In this study, PbtO 2 continued to increase over the first 2 hours of observation at which point there was an anticipated drop in values when PaO 2 was reduced from 500 to 100 mm Hg (Fig. 4) . Although there was great variability in PbtO 2 measurements among all swine, we were able to identify distinct differences in PbtO 2 between HBOC and LR swine based on probe location (distal, proximal, or contusion sites; Fig. 4 ). As can be seen in Fig. 1 , the distal O 2 probe was placed in an area of the ipsilateral hemisphere where the tissue would likely be uninjured. In fact, PbtO 2 values measured at the distal site were very similar to those measured in our previous experiments restricted to hemorrhagic shock without head injury. In this study, we found no significant difference between the HBOC and LR swine when PbtO 2 was measured in the uninjured area of the brain (Table 3 ). The proximal O 2 probe was placed at the periphery of the impact site and PbtO 2 values in this area had much greater variability than those measured from either the distal or contusion sites (Table 3) . Despite the large standard deviations that might be expected in the potential penumbra of injury, there was a significant difference in PbtO 2 values between the 2 groups that was evident immediately after resuscitation. The time spent below the critical threshold of 15 mm Hg was significantly greater in the LR group than in the HBOC group (75 Ϯ 39% vs 25 Ϯ 32%; p = 0.01). As might be expected, PbtO 2 response to hemorrhage and resuscitation measured by the contusion O 2 probe (center of the injury site) was much more blunted than in the other 2 sites. The only significant difference between the 2 groups was limited to the period immediately following infusion of the resuscitation solutions. As seen in Fig. 4 , in both the contusion and proximal O 2 probes LR failed to maintain the PbtO 2 above 15 mm Hg for an extended portion of the observation period.
Brain Imaging
The T2-weighted MR imaging sequences were chosen for quantitative analysis because they are most representative of the extent of acute brain injury. As seen in the representative images from HBOC-and LR-resuscitated swine ( Fig. 5A and B) , a large area of T2 hyperintensity was present on the side ipsilateral to injury in the superior, middle, and inferior frontal gyri, with associated mass effect and subfalcine herniation. Areas of hypointensity on T2-weighted imaging were often seen within the injury, representing focal areas of hematoma within the contusion. Total injury volume in all animals ranged from 437 to 1750 mm (Fig. 5C ). All T2-weighted MR imaging sequences were loaded on a Stealth Station neuronavigation system to allow 3D reconstruction of the images. The tracts created by the ICP and brain tissue oxygen probes were typically visible as linear foci of hypointensity on the 3D reconstructions. The location of the distal O 2 probe was noted to be outside the impact injury site in all cases, confirming that this probe measured oxygen tension in the brain not directly injured by impact. The locations of the contusion and proximal O 2 probes were more variable. Four of the 20 proximal O 2 probes were judged to be within the area of increased T2-weighted signal representing impact injury and not, as expected, in penumbral regions. Six of the 20 contusion O 2 probes were judged to be in the periphery of the area of increased T2-weighted signal, representing impact injury rather than within the contusion. These findings likely account for some of the variability seen in the PbtO 2 measurements in the contusion and proximal O 2 probes.
Histological Differences
Because swine were killed ~ 6 hours after resuscitation, Fluoro-Jade B-a marker of very early cellular degeneration-was used to study the extent of cellular damage following impact injury and hemorrhage. As noted in Fig. 6A and B, cells that stained positively for Fluoro-Jade B were found on the side of impact injury in both the HBOC-201 and LR swine groups. The shape of these cells, which were prominent in cortical regions adjacent to the site of injury, is consistent with neurons. As expected, in HBOC-resuscitated swine, few Fluoro-Jade B-positive cells were found on the side contralateral to impact injury (Fig. 6C) . In LRresuscitated swine, however, we found a surprising number of Fluoro-Jade B-positive cells in the contralateral hemisphere (Fig. 6D) . Interestingly, we also found some cells with a stellate shape consistent with reactive astrocytes in the contralateral hemisphere of the LR group (Fig. 6D inset) . The mean number of Fluoro-Jade B-positive cells was quantified in both groups (Fig. 6E) . On the side ipsilateral to the impact injury, there was no significant difference in the mean number of Fluoro-Jade B-positive cells between HBOC and LR swine (61.5 Ϯ 14.7 cells/hpf and 48.9 Ϯ 17.7 cells/hpf, respectively). On the side contralateral to impact injury, there were significantly more Fluoro-Jade 
Discussion

Systemic Physiology
We demonstrated an advantage of small-volume resuscitation using HBOC-201 versus LR solution for restoring and maintaining MAP following brain injury and hemorrhage. These results concur with prior studies by our own group 25 demonstrating that HBOC-201 solution was more effective than LR solution in restoring and maintaining MAP over a 2-hour observation period in a swine hemorrhage model that did not include head injury. mental period. King and colleagues 24 studied a fluid percussion model of brain injury and hemorrhage in swine, in which swine were resuscitated with LR solution, LR and HBOC solutions, or HBOC solution alone to maintain a MAP Ͼ 70 mm Hg. Similar to our findings, their results indicated that swine resuscitated with LR solution required significantly larger volumes of intravenous fluid administration to achieve and maintain this MAP goal than those resuscitated with LR and HBOC solutions, or HBOC solution alone. Cardiac output following resuscitation differed between the HBOC and LR swine groups. The HBOC swine group maintained a cardiac output in the normal range for 4 hours following resuscitation, while the LR swine group had significantly greater cardiac output. In both groups the hypovolemia caused by hemorrhage would be expected to lead to a decrease in cardiac output. This decreased cardiac output may be offset to some extent by elevated catecholamine levels, leading to a hyperdynamic state. In the LR swine group, greater cardiac output could result from elevated catecholamine levels, reflecting a more pronounced stress response. Alternatively, the fact that the LR swine group received more total fluid than the HBOC swine group to maintain a CPP Ͼ 60 mm Hg may have led to the greater cardiac output.
Although greater cardiac output following hemorrhage may be beneficial by promoting blood flow to tissue, it can be effective in restoring oxygen delivery only if the blood oxygen content is sufficient. In this context, important differences between the HBOC and LR swine groups are revealed. The HBOC swine group had slightly higher hemoglobin levels than the LR swine group throughout the observation period. This result may be due to greater hemodilution in the LR swine group, because those swine required higher volumes of normal saline infusion to maintain CPP. Alternatively, HBOC swine may have higher measured hemoglobin levels due to a direct effect of HBOC solution on serum hemoglobin. In either case, higher hemoglobin levels increase the oxygen content of the blood and improve the potential to restore adequate oxygen delivery to tissue as blood flow is reestablished. Normalization of the base deficit is often considered to be the standard for determining adequate resuscitation following hemorrhage. In our experimental model, 80% of HBOC swine demonstrated resolution of the base deficit within 2 hours of resuscitation in comparison with only 20% of LR swine, suggesting that HBOC solution is a more effective agent than LR solution for small-volume resuscitation in a model of head injury and hemorrhage. Hemoglobin-based oxygen-carrying solution may potentially increase afterload by increasing SVR. Although we did not measure central venous pressure to allow a direct measurement of SVR, we used MAP, PADP, and cardiac output to estimate SVR. Using this estimate of SVR, we found a significant difference between the HBOC and LR groups beginning immediately after resuscitation and continuing until the end of the 6-hour observation period. An increase in SVR may partially account for the increase in MAP observed in the HBOC group. The resulting increase in afterload may contribute to the decrease in cardiac output observed in the HBOC group. We also found a trend toward higher PADP in HBOC-treated swine that did not reach statistical significance. Although the exact mechanisms by which HBOC solution increases systemic and pulmonary blood pressure is unknown, much of the available evidence suggests that this effect is mediated by the scavenging of NO by extravascular tetrameric hemoglobin in both the systemic 4, 11, 14, 40 and pulmonary circulations. Fluoro-Jade B-positive neurons were prominent in cortical regions adjacent to the site of injury in both the HBOC and LR swine groups. C: Swine resuscitated with HBOC-201 solution had decreased numbers of cells stained positive for Fluoro-Jade B on the side contralateral to the injury. D: Surprisingly, in LR-resuscitated swine the number of cells stained with Fluoro-Jade B on the side contralateral to impact injury was similar to that seen on the side of injury. Inset: In addition, cells with a stellate shape consistent with reactive astrocytes were seen in this group. E: The number of cells that stained positive for Fluoro-Jade B in 9 random cortical fields was counted both on the side of impact injury and in the contralateral cortex in 17 swine (8 with HBOC solution, 9 with LR solution). The mean number of cells/hpf stained with FluoroJade B is depicted. Ipsilateral to impact injury, no significant difference is seen between swine resuscitated with HBOC-201 solution or LR solution. In the hemisphere contralateral to impact injury, however, a significant increase in the number of neurons stained with Fluoro-Jade B is seen in LR-resuscitated swine (p Ͻ 0.05). Original magnification ϫ 40.
led to significantly improved CPP in these swine. A lower ICP may be anticipated in the HBOC swine group given that they required significantly less fluid volume during the 6-hour observation period. A trend toward lower ICP in HBOC-resuscitated swine was found but did not reach statistical significance. The lack of a significant difference in ICP between the HBOC and LR swine groups may be due to a number of factors. First, some leakage of CSF through the bur holes used for impact injury and brain monitors occurred, despite the use of sealant at these sites. Second, alternative pathways of CSF absorption in large animals have been described, 6, 7, 31, 32 and these may lead to lower ICP in situations involving brain injury. Baseline supratentorial ICP values in the swine have been reported to be 4.1 Ϯ 2.3 mm Hg, 37 lower than the commonly accepted range in adult humans (5-15 mm Hg). Previous findings from our studies of CCI in swine demonstrate that ICP rarely rises above 10 mm Hg in the postimpact observation period, despite significant brain injury. 28 All these data suggest that the threshold for pathological ICP values in swine is lower than in humans. Using 10 mm Hg as a threshold for elevated ICP, we found that LR swine spent a significantly greater percentage of time with an ICP above this threshold compared with HBOC swine, suggesting a benefit with the use of HBOC solution in the setting of head injury. Similar to our results, the findings of King and associates 24 also indicate that swine resuscitated with LR solution spent more time with elevated ICP than swine resuscitated with LR and HBOC solutions, or HBOC solution alone.
In general, resuscitation using HBOC solution led to improved PbtO 2 values when compared with LR. Oxygen delivery to the brain is a function of both CBF and the oxygen content of the blood. The HBOC solution binds oxygen at physiological PaO 2 , thus increasing the oxygen content of the blood. The oxygen carrying capacity of HBOC solution (13.0 gm/dl) is similar to that of human hemoglobin, and its P 50 value of 38 mm Hg-which is higher than that of human red cells (P 50 value of 26.5 mm Hg)-favors the release of oxygen to tissue and enhancing delivery. In previous work in a swine model of hemorrhage, we have shown a decrease in cerebral arteriovenous oxygen content difference in swine resuscitated using HBOC solution, indicating improved oxygen delivery to the brain. 26 Although it is difficult to determine whether HBOC solution enhances oxygen delivery to the brain primarily by increasing CBF due to its colloid osmotic pressure (25 mm Hg) or by its oxygen-carrying capacity, its use appears to confer benefit. In this study we report regional variations in PbtO 2 values following brain injury and hemorrhage in HBOC-and LR-resuscitated swine. Following impact injury and hemorrhage, PbtO 2 values in the contusion O 2 probe were lower than PbtO 2 values in the proximal and distal O 2 probes throughout the course of the experiment in both the HBOC and LR groups. Whereas contusion PbtO 2 values in HBOC swine were significantly higher than in LR swine immediately following resuscitation, subsequent values did not differ significantly between groups. These results suggest that it is difficult to improve PbtO 2 within the primary injury. In previous studies of CCI in swine, we reported the histological features seen following injury, including perivascular hemorrhage, edema, cellular infiltrates, vascular congestion, and a decrease in neuronal density. 28 These features may lead to a decrease in CBF and to disruption of the normal interface between blood and brain, impairing the diffusion of oxygen into tissue. Studies in patients with TBI using xenon computed tomography and positron emission tomography have confirmed that CBF is significantly lower within contusions and in pericontusional tissue than in surrounding brain parenchyma. 19, 29 Both low CBF and structural damage to brain tissue following injury may account for the low PbtO 2 level within a contusion and for its poor response to treatment. Differences in regional PbtO 2 between HBOC and LR swine were most pronounced in the proximal O 2 probe. Following resuscitation, HBOC swine maintained higher proximal PbtO 2 values than LR swine for the duration of the experiment and spent significantly less time below the critical PbtO 2 threshold of 15 mm Hg. These data suggest that using HBOC solution may lead to improved oxygenation in the penumbra of injury following impact injury and hemorrhage. A dose-response relationship between time spent with low PbtO 2 and poor outcome has been described by several groups in patients with TBI, suggesting that prolonged exposure to low PbtO 2 may result in or exacerbate neuronal damage. 44, 45 Interestingly, we found that the LR swine group had more cellular degeneration on the side contralateral to impact injury than the HBOC swine group (Fig. 6E) . Although we did not measure the PbtO 2 directly in the contralateral hemisphere, previous work by our group has found a high degree of concordance between distal PbtO 2 values and those in the contralateral hemisphere (Manley et al., unpublished findings). More prolonged exposure to low PbtO 2 may predispose the swine brain to cellular injury.
We used a 3D Stealth neuronavigation system to examine the location of brain tissue oxygen probes. Importantly, we verified that all distal O 2 probes were outside the area of primary brain injury, indicating that the measurements from these probes represent oxygen tension in noncontused brain. The proximal O 2 probes were found to be in the penumbra of injury in 80% of cases and within the area of increased T2-weighted signal representing the primary brain injury in 20% of cases, whereas the contusion O 2 probes were deemed to be in contusion in 70% of cases. Some of the variability in PbtO 2 measurements in the proximal O 2 probes seen in our study is likely due to inconsistency of probe location relative to contusion. Several groups have advocated placement of PbtO 2 monitors in the penumbra of injury in patients with TBI. 18, 27 Our findings demonstrate the difficulty of placing probes precisely in penumbral tissue even in a controlled experimental setting. We advocate caution in interpreting results from penumbral monitors as their precise location in relation to the contused brain is difficult to determine.
Resuscitation and Primary Brain Injury
Despite the improvements in MAP, CPP, and PbtO 2 in the HBOC group, there was no difference in total injury volume on MR imaging between the HBOC and LR swine groups. Neither did we find any decrease in cell degeneration in pericontusional tissue on the side of impact injury in the HBOC group. Improved endpoints of resuscitation did not alter the characteristics of injury volume and cellular degeneration at the site of primary brain injury, strongly suggesting that the ability to decrease primary brain injury is limited. Whereas more effective resuscitation can pre-vent a second insult, it cannot alter the structural damage caused by impact to the brain. Improving blood flow and oxygen delivery to structurally damaged brain tissue is difficult, as evidenced by the low PbtO 2 measured in the contusion O 2 probe in both the HBOC and LR groups. Although we feel that this is the most likely explanation for these findings, an alternative hypothesis is that longer periods of observation following injury are necessary to ascertain differences in injury volume and cell degeneration between groups. Although it would have been preferable to continue the observation period for 24-48 hours following impact injury and hemorrhage, we did not have the ability to continue the observation beyond 6 hours due to the intensive resources necessary to maintain a large-animal intensive care unit with neuromonitoring for an extended period.
Resuscitation and Secondary Brain Injury
Surprisingly, we found an increase in cells that stained positive for Fluoro-Jade B on the side contralateral to injury in LR-resuscitated swine compared with HBOC-resuscitated swine, suggesting that the lower MAP and CPP values observed in the LR group may be associated with worsened secondary brain injury. There is a substantial body of evidence that the low CBF that can occur with low CPP early after severe TBI is associated with ischemia. Autopsy studies have documented ischemic cell change in nearly 90% of patients who died following severe TBI. 17 Animal models also support the relationship between low perfusion states and neuronal injury. Using a cat model of hemorrhagic shock, Graham and colleagues 16 demonstrated that a MAP Ͻ 25 mm Hg sustained for 120 to 180 minutes led to degeneration of neurons in cortical watershed zones and in the hippocampus, striatum, and thalamus. When maintained at a MAP of 35 mm Hg only 20% of cats demonstrated neuronal degeneration, whereas at 75 mm Hg neuronal degeneration did not occur, suggesting a pressure threshold beyond which irreversible neuronal injury takes place. Clinically, the deleterious effects of hypotension and low CPP have been documented by several studies in patients with TBI, associating these variables with poor outcome and death. 3, 8, 10, 22, 43 Hemoglobin-based oxygen-carrying solution may also improve oxygen delivery to the brain by increasing the oxygen-carrying capacity of the blood. Higher PbtO 2 in the HBOC swine group may reflect improved oxygen delivery, mitigating a second insult to the injured brain and decreasing cellular injury.
Use of HBOC-201 and Potential Neurotoxicity
A direct neurotoxic effect of stroma-free hemoglobin has been claimed. 5, 35, 36 Such an effect may occur as stroma-free hemoglobin crosses into the brain parenchyma in areas of damaged vascular architecture and the blood-brain barrier. We found a trend toward more Fluoro-Jade B-positive cells in the HBOC group on the side of impact injury, but it did not reach statistical significance (Fig. 6E) . This finding needs to be considered in light of the limitations of our current experimental model. Sections were stained with Fluoro-Jade B in the periphery of the impact injury to assess changes in penumbral regions. It is possible that at the center of injury, where direct damage to vessels may be more prominent, extravasation of HBOC-201 may occur and lead to neurotoxicity. Second, our study did not address potential issues of dose-dependent toxicity. Lastly, the relatively short time course from impact injury to sacrifice of the swine may not be sufficient to observe these potential neurotoxic effects. All these important issues will require further study. Importantly, in vitro studies support the hypothesis that HBOC-201 solution is less toxic to neural cells than human hemoglobin. Ortegon and associates 34 compared the effects of purified human hemoglobin and HBOC-201 solution on fetal rat neural cells in culture. They found that neural cells exposed to human hemoglobin demonstrated a marked degree of lysis in a concentrationdependent manner, whereas those exposed to HBOC-201 solution did not. Neural cell cultures exposed to HBOC-201 solution displayed improved metabolic activity and proliferation compared with those exposed to human hemoglobin, suggesting that the neurotoxic effects of HBOC-201 solution are less profound than those of human hemoglobin.
Limitations of the Model
Our model did not include an additional group treated with shed blood. Transfusion of the experimental animals with shed blood below a certain hemoglobin threshold may more closely mimic the clinical scenario in an urban environment in which transport times to an emergency department are short. Our main objective was to model resuscitation in an austere environment such as combat situations in which transport times may be long and access to blood products is not available in the field. Certainly future studies will need to address these important issues and include additional treatment arms including transfusion of shed blood. Another limitation of our model is that we did not directly measure CBF. This is an important goal in future studies, for only by directly measuring CBF can one determine the extent to which oxygen delivery to the brain is limited by the oxygen content of the blood or by CBF. Lastly, swine were observed for 6 hours following resuscitation. A longer observation duration may be necessary to see maximal changes in ICP, cell degeneration, and injury volume following impact injury and hemorrhage. Our experimental setup has the advantage of mimicking an intensive care unit setting with advanced systemic and neurological monitoring. This experimental design, however, also demands costly resources and skilled personnel to maintain, thus currently limiting our ability to continue the observation period for Ͼ 6 hours.
Conclusions
The improved MAP, CPP, and PbtO 2 seen with HBOC-201 solution in comparison with LR solution indicate that HBOC-201 solution may be a preferable agent for smallvolume resuscitation in brain-injured patients with hemorrhage. By providing more effective small-volume resuscitation, HBOC-201 solution may mitigate a second insult and reduce secondary brain injury in combat situations and other scenarios involving extended transport times. We did not find evidence of a direct neurotoxic effect with HBOC-201 solution in a large animal experimental model.
